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ABSTRACT
If cold, dense clouds of gas make up the dark matter, then physical collisions between clouds must occur.
These cause strong, radiative shocks to propagate through the cold gas, with the startling implication
that all \dark" halos should be luminous. The expected luminosity is a strong function of halo velocity
dispersion, and must contribute a large fraction of the observed X-ray emission from clusters of galaxies.
Far from being excluded by the data, two pieces of evidence suggest that this model is correct: we nd
a luminosity-temperature correlation of the form L / T 11/4, as seen in recent analyses; furthermore
the anticipated spectra have substantially more power at low energies than isothermal bremsstrahlung
spectra, and may account for the observed \excess" EUV emission from clusters. These successes are
remarkable considering that the theory has no free parameters or ad hoc elements. We predict that the
X-ray satellite Chandra will resolve the Virgo cluster into 104 point-like, transient X-ray sources.
Subject headings: dark matter | galaxies: clusters | galaxies: halos
1. INTRODUCTION
There is growing evidence supporting the idea that
the dark matter is composed of cold gas clouds (Pfen-
niger, Combes & Martinet 1994; Walker & Wardle 1999).
Three discoveries in the last two years have contributed
to this. First Walker & Wardle (1998) were able to ex-
plain the enigmatic \Extreme Scattering Events" (Fiedler
et al 1987) as radio-wave lensing events caused by the
photoionised surfaces of cold clouds. This model requires
\lens" radii of order 2 AU, individual masses in the plan-
etary range, and a total mass which dominates the mass
of the Galaxy. Secondly, Dixon et al (1998) found that
the γ-ray background contains a substantial component
attributable to the Galactic halo; given that the diuse
gas in the Galactic plane is the principal feature of the γ-
ray sky (e.g. Bloemen 1989), this is prima facie evidence
for unseen gas in the Galactic halo (de Paolis et al 1995).
Thirdly, Walker (1999: W99) showed that the cold-cloud
model predicts a relation between visible mass and halo
velocity dispersion, Mvis / 7/2, which agrees extraor-
dinarily well with data on spiral galaxies; moreover this
result explains the Tully-Fisher relation. In the model of
W99 these results arise from consideration of the collisions
which must occur between clouds (Gerhard & Silk 1996);
such collisions destroy the colliding pair, and in this pic-
ture the visible content of any halo increases with time as
dark matter is converted to visible forms.
The success of this simple picture of (visible) galaxy as-
sembly encourages further investigation into the physics of
cloud-cloud collisions. One of the most basic features of
the collision process is that it engenders strong shocks in
the cold gas. By virtue of the high particle densities within
the clouds, these shocks are radiative { meaning that the
bulk of the kinetic energy dissipated during a collision goes
into radiation { implying a minimum level of emission from
\dark" halos. This is a key prediction for collisional dark
matter which must be squared with the data: is the model
in conflict with observations? In this Letter we investigate
that question and answer in the negative. The expected
properties of the emission are presented in the next sec-
tion. Because the predicted luminosity is a steep function
of halo velocity dispersion, we then (x3) focus on the ap-
plication to clusters of galaxies, where intense X-radiation
is expected. Implications of the theory and ways in which
it can be tested are discussed in x4.
2. BASIC PROPERTIES OF THE EMISSION
In order to calculate the emissivity, ", of a halo we need
to estimate the rate at which kinetic energy is dissipated
in collisions between clouds. Essentially all collisions are
highly supersonic, so we can apply conservation of mo-
mentum on each element of area, A, of the two collid-
ing clouds, with local surface density 1; 2 (these surface
densities being measured parallel to the relative velocity
vector). If each cloud has speed u, in the frame of the
centre-of-mass, before the collision, then for a fully inelas-
tic collision the nal speed is just u j1 − 2j=(1 + 2).
The change in kinetic energy in each elemental area is thus
2A12u2=(1 + 2). If we dene  to be the total ki-
netic energy dissipated as a fraction of the total initial









where M is mass of a cloud. Evidently  = (b) is a func-
tion of impact parameter, b, for the collision, and depends
on the density prole within the cloud. We shall be pri-






db b (b) ; (2)
where r is the cloud radius. We have evaluated  for poly-
tropic cloud models of indices n = 1:5; 3; 4, with the
results  = 0:136; 5:37 10−2; 1:66 10−2 respectively.
A rm model for the density prole of the putative dark
clouds has not yet been constructed. Wardle & Walker
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Fig. 1.— Theoretical L(σ) relation from eq. 6 (solid line) together with data for 19 clusters. Luminosities are from Arnaud & Evrard
(1999) [Virgo, A262, A1656, A2634, A1060, A3558], and Markevitch (1998) [A85, A119, A399, A401, A754, A1795, A2256, A3266, A3391,
A3395, A3571, A3667, MKW3S]; a Hubble constant of H0 = 75 km s−1Mpc−1 is assumed. Velocity dispersions are from Girardi et al (1996).
Errors in luminosity are expected to be small in comparison with those in σ.
(1999) suggest that solid molecular hydrogen plays a key
ro^le in their thermal regulation, in which case most of the
radiative losses are likely to occur from a thin surface layer
because the precipitation/sublimation balance is very tem-
perature sensitive. Beneath this radiative layer the domi-
nant cooling is expected to come from spectral lines which
are very optically thick, and we anticipate that these re-
gions are thus unstable to convection (Clark & Pringle
1997). We therefore adopt a polytropic model with n = 1:5
as an approximation to the likely cloud density structure,
leading to  ’ 0:136.
In deriving the rate of collisions between clouds, R, we
assume that the cloud population follows a Maxwellian






( is henceforth the average surface density of a cloud),
with a mean kinetic energy of 2M2 dissipated per col-
lision. (Note that the numerical coecient in eq. 3 diers
slightly from W99’s eq. 1, because we have specied a
Maxwellian distribution function. Similar, slight dier-
ences will be evident when comparing some of our sub-
sequent results with those of W99.) It is now trivial to
determine the local emissivity of the halo: " = 2M2R.
We employ W99’s eq. 3 for the halo density prole { im-
plicitly assuming that the dark halo is entirely made up of
















where x is the projected distance of the line-of-sight from
the centre of the halo, in units of the core radius, rc, and
r2c = 16
3t=3/2G. Here t is the time which has elapsed
since the halo virialised. The total luminosity can be found












This result may also be written as L =  _Mvis2, where
Mvis = 2rc=G, emphasising the connection with the
pseudo-Tully-Fisher relation derived by W99. The mean
column density of the clouds can be measured by tting
the theoretical relation Mvis() to data for spiral galaxies
(W99); for our Maxwellian distribution function this yields
 = 134 g cm−2 for t = 10 Gyr. We can now evaluate eq.
5 numerically:
L ’ 3:2 104411/23 erg s−1 ; (6)
where  = 103 3 km s−1; this implies very luminous halos
for clusters of galaxies (3  1).
What about the spectrum of the radiation? For the
present it suces to note two general points. First, the ra-
diation is thermal; and secondly, a ducial temperature for
the radiation is that of the shocked gas. This temperature
can be estimated from the jump conditions for a strong
shock: kTs = (3=16)u2, where  is the mean molecular
mass. Now hu2i = 22 so kTs  2 23 keV. In this way
we see that the halos of dwarf galaxies ( < 50 km s−1)
should emit mostly in the optical and Near-IR; this radi-
ation is observable in principle, but we note the low lu-
minosities implied by eq. 6 (L < 2  1037 erg s−1). Nor-
mal and giant-galaxy halos should emit mainly Far- and
Extreme-UV, which is not ordinarily observable because
of the large opacity of the Galactic interstellar medium in
these bands. The halos of clusters of galaxies should emit
X-radiation which is both observable and at a level which
is easy to detect (see eq. 6). Consequently we expect that
clusters oer the best prospects for testing our theory, and
we now focus our attention on these systems.
3. X-RAY EMISSION FROM CLUSTERS
The rst question we must address is whether the pre-
dicted luminosity is consistent with the data for clusters.
Conventionally the observations are interpreted in terms of
two components: one due to hot gas spread throughout the
cluster, and another due to a central \cooling flow" (e.g.
Fabian 1994). This is a useful separation because cooling
flows introduce a large scatter in the observed luminosity-
temperature correlation (Fabian et al 1994). Our model
involves X-ray emission arising throughout the cluster,
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not just the central regions, and must be compared with
the cluster-wide component; it is this component which is
meant henceforth when we refer to the data.
The systematic trend of luminosity with X-ray spectral
temperature, L(TX), has been the subject of several re-
cent studies (Markevitch 1998; Arnaud & Evrard 1999;
Reichart, Castander & Nichol 1999), with very similar re-
sults: Lbol / T 2.800.15X (Reichart et al 1999). In our model
all temperatures scale with 2, so eq. 5 implies a close par-
allel with the data: Lbol / T 11/4X .
For clusters which have detailed optical spectroscopy in
addition to the X-ray data, we can assess the dependence
of L directly on , as measured from cluster galaxy ve-
locity dispersions. Contamination by eld galaxies, small
sample sizes, sub-clustering and anisotropic velocity distri-
butions all mean that measuring  is not easy. Girardi et
al (1996) have made careful estimates of  in 38 rich clus-
ters; their sample has 13 and 6 clusters in common with
the samples of Markevitch (1998) and Arnaud & Evrard
(1999), respectively. Taking bolometric luminosities (for
H0 = 75 km s−1 Mpc−1) from the latter data sets, and the
velocity dispersions determined by Girardi et al (1996), we
arrive at the points shown in gure 1. Also shown is the
theoretical prediction given by eq. 6, from which we see
that the data are all consistent with or in excess of the
prediction.
Is the spatial distribution of emission within clusters
consistent with our theory? Our model has an intensity
prole (eq. 4) which is identical to the standard model
prole (e.g. Sarazin 1988) (1 + x2)−3β+1/2 with  = 2=3;
this is an adequate approximation for many clusters (Jones
& Forman 1984). Exact agreement should not be expected
because an isothermal sphere is only a crude approxima-
tion to the likely dark halo density distribution.
Attempting to predict the spectra resulting from cloud
collisions is a formidable task. Consider rst that the un-
shocked gas (density  1012 cm−3, and temperature of
several Kelvin) is, initially, entirely opaque to X-rays as a
result of the bound-free opacities of hydrogen and helium.
Because of the high temperature of the shocked gas, the re-
sultant photons ionise the upstream material (cf. Shull &
McKee 1979), thus erasing the principal source of opacity.
For collisions occurring in clusters the mean energy dissi-
pated per unit cloud mass is so large, roughly 100 23 times
the total chemical binding energy of the cold gas, that we
expect the ionisation fronts to break out of the clouds very
quickly. Thereafter the primary opacity presented by the
unshocked gas is due to electron scattering. Each X-ray
photon is expected to scatter hundreds of times before es-
caping, with a few eV exchanged between electron and
photon on each scattering. Thus, although the thermal
coupling is loose, in total there is a signicant exchange
of energy between the escaping photons and the upstream
gas. Add to this the complex, time-dependent geometry
associated with shocks in a pair of colliding clouds, and we
see that it will not be easy to arrive at reliable quantitative
predictions of the observed spectra.
It is beyond the scope of this paper to attempt such
a prediction, instead we conne our attention to a sin-
gle qualitative point: the observed spectra should exhibit
a strong soft X-ray/EUV component. One can easily see
that such a component should be present because the post-
shock gas cools as it flows downstream, and emission from
this gas will be predominantly in the soft X-ray and EUV
bands. To illustrate this point we have calculated an ide-
alised spectrum which neglects radiative transfer through
the upstream gas. This calculation assumes: a Maxwellian
cloud distribution function; the strong shock limit (cold
upstream gas); pure bremsstrahlung emission; and the op-















where p  !2=(− 1), !  h=2, 1 = (γ + 1)=(γ− 1),




dq q exp(−q − p=q) : (8)
The spectrum of eq. 7 is shown in gure 2, along with
a bremsstrahlung spectrum from an isothermal gas with
kT = 2, representing the conventional theory of cluster
X-ray emission. Relative to the standard theory it can be
seen that this calculation predicts a much broader spec-
trum which peaks at lower energies, with a much larger
fraction of the power emerging at !  1.
We emphasise that this calculation is only intended to
be illustrative; the assumptions employed are not good
approximations to the actual physical conditions, and the
computed spectrum is therefore not quantitatively correct.
However, the qualitative point that a high EUV luminos-
ity is expected, relative to the X-ray luminosity, is model
independent. This result is of particular current interest
as it has recently become apparent that some clusters have
EUV luminosities which are much higher than expected on
the basis of an isothermal bremsstrahlung model for the X-
ray emission (Mittaz, Lieu & Lockman 1998; Lieu, Bona-
mente & Mittaz 1999). It is not currently known whether
this diculty extends to all clusters. Various models have
been proposed specically to account for these EUV data
(e.g. Sarazin & Lieu 1998), but the theory we have pre-
sented may be able to explain this emission without the
need for such ad hoc introductions.
4. DISCUSSION
It is important to recognise that the theory presented
in xx2,3 does not preclude the existence of hot, diuse gas
contributing to the observed X-ray emission, rather the
opposite in fact. W99 computed the total visible mass
which should accumulate within a halo of given veloc-
ity dispersion, as a consequence of cloud-cloud collisions:
Mvis = 7:41013 7/23 M after an interval of 10 Gyr. W99
gave no predictions as to what form this visible material
should take (e.g. stars vs. diuse gas). The material re-
leased by collisions is initially just diuse gas; subsequently
it is shock-heated to roughly the virial temperature, and
we note that in a cluster the mean particle densities are
very low, implying long cooling times. A large fraction of
Mvis may therefore be in the form of hot, tenuous gas. In
consequence, phenomena such as the Sunyaev-Zel’dovich
(SZ) eect, which are contingent on the existence of ten-
uous hot gas, are expected to be present in our theory.
Because we are ascribing a substantial fraction of the ob-
served X-ray emission to cloud collisions, it is clear that
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Fig. 2.— Illustrative theoretical spectrum due to cloud-cloud collisions (solid line, corresponding to eq. 7), and for comparison an exponen-
tial spectrum (dashed line, corresponding to free-free emission from an isothermal gas). Both spectra have unit bolometric luminosity. Notice
that the spectrum for collisions has a great deal of power emerging at ω  1, i.e. in the EUV band.
the magnitude of the SZ eect is diminished relative to
the standard theory of cluster X-ray emission. However,
accurate measurements would be necessary to distinguish
between our theory and the standard model, whereas the
SZ eect has only recently been convincingly detected at
all (e.g. Rephaeli 1995). We note that if our theory is
correct then the SZ eect is unlikely to prove useful as a
technique for measuring the distance to clusters.
An interesting qualitative point is that the X-ray spec-
tra of galaxy clusters typically exhibit iron abundances
of order 0.3 (in solar units: Mushotzky & Loewenstein
1997). Although we do not exclude the possibility that
this iron arose from (explosive) stellar nucleosynthesis, in
the model we have presented the data are most simply
interpreted as an indication of non-zero primordial heavy
element abundances. This would require that the Universe
was inhomogeneous at the epoch of cosmic nucleosynthe-
sis, underlining Walker & Wardle’s (1999) suggestion that
the proto-clouds formed in a phase transition in the very
early Universe.
Although our theory predicts a similar mean inten-
sity prole (eq. 4) to that of the conventional model,
the instantaneous distribution consists of a large number
of point-like sources, and the most fundamental test of
the theory would be to attempt to resolve the emission
from a cluster into its component sources. Each of these
sources should be transient, with a characteristic time-
scale t0 ’ r=2, and for r  1 AU this is t0  1=3 days.
The mean luminosity is L0  6:71039 33 erg s−1 (this es-
timate assumes a virial temperature of order 10 K for the
clouds, cf. Wardle & Walker 1999); in turn this implies
a total number  4:7  1045/23 of sources contributing
to the cluster luminosity. In the case of the Virgo clus-
ter, the nearest rich cluster of galaxies ( ’ 650 km s−1,
D ’ 15 Mpc), we deduce: a mean flux of roughly
7  10−14 erg cm−2 s−1; t0  1:5 days; a total number
of order 16,000 sources; and a peak source density (in
the cluster core) of 17 arcmin−2. These estimates should
be interpreted as order-of-magnitude estimates only; nev-
ertheless they indicate that the X-ray satellite Chandra
should easily detect individual transients within the Virgo
cluster, even in relatively short observations of an hour
or so. By virtue of Chandra’s high resolution imaging,
source confusion should not be a problem even in the core
of the cluster. The ROSAT satellite was less sensitive
than Chandra, and had much poorer angular resolution,
but even the ROSAT All Sky Survey should have re-
vealed the brightest ( ’ 1) ongoing collisions at the
periphery of the Virgo cluster, where source confusion is
expected to be less of a problem than in the core. In-
spection of the publicly available ROSAT image of Virgo
(http://wave.xray.mpe.mpg.de/rosat/calendar/1993/sep)
suggests that this is indeed the case, as the outer regions
of the cluster appear to possess a great deal of compact
substructure.
5. CONCLUSIONS
We have shown that if the dark matter is composed
of cold gas clouds, then a substantial fraction of the ob-
served X-ray emission from clusters must be due to phys-
ical collisions between these clouds. The observed cluster
luminosity-temperature correlation, and the measurement
of high EUV luminosities for some clusters, both suggest
that this process is indeed occurring. If so then high-
resolution images of the Virgo cluster should reveal a large
number of point-like, transient X-ray sources contributing
to the emission.
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